INTRODUCTION {#S1}
============

The ability of cancer cells to disseminate from the primary tumor to distant sites through the complex process of metastasis is responsible for more than ninety percent of cancer-related mortality. Epithelial-mesenchymal transition (EMT) is a reversible cellular process by which epithelial cancer cells trans-differentiate into highly mobile and invasive mesenchymal-like cells, giving rise to disseminating or circulating tumor cells to initiate tumor metastasis ([@R1],[@R2]). EMT involves dissolution of cell-cell adhesions, down-regulation of epithelial markers, induction of mesenchymal markers, and breach of the basement membrane to invade surrounding tissue ([@R3],[@R4]). In addition to conferring an invasive phenotype, EMT also endows cancer cells stem cell-like properties, resistance to targeted therapies and the ability to evade host immune surveillance ([@R5]). Together, these properties enable cancer cells to successfully disseminate to distant sites and illustrate the biological relevance of EMT in tumor progression.

Transforming growth factor-β (TGF-β) is a multifunctional cytokine that acts as a tumor suppressor in early stages, but promotes tumor progression in late stages through multiple mechanisms, including inducing EMT in cancer cells ([@R6]). Consistent with these tumor-promoting functions, expression of TGF-β is frequently up-regulated in non-small cell lung cancer (NSCLC) along with many other human cancers ([@R7]), and is correlated with enhanced invasion, metastasis and poor prognosis for patients with lung cancer ([@R8]). We have shown that TGF-β-induced EMT confers a migratory and invasive phenotype and promotes metastasis of lung cancer cells ([@R9]). Inhibition of EMT blocked ability of lung cancer cells to invade and metastasize ([@R10],[@R11]). We also demonstrated that the EMT-associated secretory phenotype predicts survival of lung cancer patients ([@R12]). Here we demonstrate a new immune evasive mechanism conferred by TGF-β-induced EMT on lung cancer cells.

The complement pathway is recognized as a first line of defense in host immune surveillance against non-self microbial and tumor cells ([@R13]). Cancer cells, including that of lung, are known to develop multiple mechanisms to avoid complement mediated damage and impair the efficacy of monoclonal antibody-based anti-cancer therapies ([@R14]--[@R16]). This suggests a critical role for complement in host immune surveillance against cancer. Up regulation of complement regulatory proteins that can inhibit complement activation are often observed in cancer cells and are considered an important mechanism by which malignant cells may escape complement-mediated elimination ([@R17]). These proteins include CD59, decay accelerating factor (DAF) and membrane cofactor protein (MCP). They protect cells on which they are expressed by inhibiting different steps of complement activation. DAF and MCP interfere with formation and assembly of C3- and C5-convertases during complement activation, whereas, CD59 inhibits the transmembrane channel formation preventing the assembly of membrane attack complex and protect the target cell ([@R18],[@R19]). Consistently, over expression of complement regulatory proteins, including CD59 is associated with a poor prognosis in lung and other tumor types ([@R20]--[@R22]). However, the context and the pathways that regulate these proteins in the tumor microenvironment are not known. In this study, we demonstrate up regulation of CD59 during TGF-β-induced EMT, conferring resistance to complement dependent cytotoxicity (CDC). Inhibition of CD59 expression restored susceptibility to CDC, enhanced efficacy of antibody therapy and inhibited EMT-mediated metastasis of lung cancer cells. In addition, we show the mechanism by which TGF-β regulates CD59 expression in lung cancer cells.

RESULTS {#S2}
=======

Pathway enrichment analysis identified complement as a major pathway modulated during EMT {#S3}
-----------------------------------------------------------------------------------------

In an earlier study, we determined the time course transcriptome of cells undergoing EMT in response to TGF-β (GSE 17708) ([@R23]). Pathway enrichment analysis of the transcriptome data obtained after 72 h of TGF-β treatment was carried out using Metacore, a pathway mapping algorithm (GeneGo, St. Joseph, MI). This analysis identified multiple pathways that are consistent with biology of EMT and regulation by TGF-β. These pathways include regulation of actin cytoskeleton, adherent junction, tight junction, focal adhesion, ECM-receptor interaction, Wnt and TGF-β signalling pathways. Interestingly, the complement and coagulation cascade pathway was the top most statistically significant pathway enriched in this analysis ([Fig 1A](#F1){ref-type="fig"}). Closer examination of this pathway revealed a modulation of 28 out of 67 total genes that constitute complement and coagulation cascade pathway in response to TGF-β. In general, we observed down regulation of genes that promote complement activation. Interestingly, C5 the precursor of anaphylatoxin C5a was up regulated. This is consistent with the recent observation that C5a promotes tumor progression in the lung tumor microenvironment ([@R24]). The majority of genes that inhibit complement function were up regulated, including CD59, CD55, and CFH ([Fig. 1B](#F1){ref-type="fig"}).

TGF-β-induced CD59 expression in lung adenocarcinoma cells {#S4}
----------------------------------------------------------

To validate the transcriptome analysis, we assessed TGF-β induced CD59 expression in a panel of human lung adenocarcinoma cell lines (A549, H358, Calu3, H522, H23, H460 and H1299) by qPCR. We observed TGF-β-induced CD59 mRNA expression in 5 out of 7 cell lines tested ([Fig 2A](#F2){ref-type="fig"}). The magnitude of induction was in the range of 2 to 5 fold over untreated cells. Consistently, TGF-β stimulation also increased cell surface CD59 expression in cell lines (A549, H358 and Calu3) that showed mRNA induction, but none in the cell line (H460) that did not, as assessed by flow cytometry ([Fig 2B](#F2){ref-type="fig"}). This suggests a transcriptional regulation of CD59 expression by TGF-β.

TGF-β-induced EMT confers resistance to complement-dependent cytotoxicity (CDC) {#S5}
-------------------------------------------------------------------------------

We have previously shown that lung cancer cells undergo EMT in response to TGF-β stimulation ([@R9],[@R11]). Here, we assessed the susceptibility of cells to CDC before and after TGF-β-induced EMT, in the presence of normal human serum (NHS) or heat-inactivated serum (HIS). CDC was determined by measuring number of cells in sub-G0, using 7-aminoactinomycin D (7-AAD) staining, by flow cytometry. Lung cancer cells (A549, and H358) were susceptible to CDC, triggered by NHS, as evident by the significant increase in the number of cells in sub-G0 phase compared to cells in the presence of HIS ([Fig 2C](#F2){ref-type="fig"}). However, cells undergoing TGF-β-induced EMT were protected from CDC as indicated by a significant decrease in the number of cells in sub-G0 phase ([Fig 2C](#F2){ref-type="fig"}). These findings indicate that TGF-β-induced EMT confers resistance to CDC and the induction of CD59 may be mediating this resistance.

CD59 inhibition restores CDC {#S6}
----------------------------

To test whether the induction of CD59 expression mediated the observed CDC resistance during EMT, we inhibited CD59 expression using Smart pool siRNA (Dharmacon) and assessed CDC before and after induction of EMT in two cell lines (A549 and H358). siRNA transfection achieved up to 80% knockdown of both base line and TGF-β-induced CD59 expression both at the mRNA ([Fig. 3A & C](#F3){ref-type="fig"}) and protein levels ([Fig. 3B & D](#F3){ref-type="fig"}). Inhibition of CD59 expression increased basal CDC of both cell lines without TGF-β treatment. CD59 inhibition also restored EMT-induced suppression of CDC in both A549 and H358 cells ([Fig. 3E & F](#F3){ref-type="fig"}). This indicates that TGF-β-induced CD59 expression mediates the EMT-induced suppression of CDC.

CD59 inhibition had no effect on TGF-β-induced EMT but resistance to CDC is dependent on EMT {#S7}
--------------------------------------------------------------------------------------------

We determined the effect of CD59 inhibition on EMT. Interestingly, inhibition of CD59 expression had no effect on EMT induced by TGF-β as assessed by the effect on cellular morphology ([Fig. 4A](#F4){ref-type="fig"}). In addition, treatment with CD59 siRNA did not block the down regulation of epithelial E-cadherin or it inhibit the induction of mesenchymal markers N-cadherin and vimentin in the two cell lines tested ([Fig. 4B&C](#F4){ref-type="fig"}). This clearly demonstrates that CD59 induction does not regulate TGF-β-induced EMT.

It is well known that higher density impairs the efficiency of cancer cells to undergo EMT in cell cultures which is consistent with the detection of EMT at the invasive front of a tumor in clinical samples ([@R25]). To determine whether observed resistance to CDC is EMT dependent or not, we cultured A549 cells at low (50% confluence) and high (\<90% confluence) density in the presence and absence of TGF-β. As expected we observed robust induction of EMT in low density cultures with down regulation of E-cadherin and up regulation of mesenchymal markers N-cadherin and vimentin ([Fig. 4E](#F4){ref-type="fig"}). Consistent with previous studies there was less EMT in higher density cultures with very little modulation of epithelial and mesenchymal markers ([Fig. 4E](#F4){ref-type="fig"}). In contrast, both cultures showed equally robust expression of phospho-Smad3 in response to TGF-β, demonstrating that activation of TGF-β signalling was not different between two densities. Interestingly, consistent with impaired EMT, TGF-β-treated cells in high density cultures were significantly less resistant to CDC compared to TGF-β-treated cells in low density cultures ([Fig. 4D](#F4){ref-type="fig"}). This demonstrates that observed CDC resistance is most likely EMT dependent than only a TGF-β effect.

The inhibition of CD59 sensitizes cancer cells that undergo EMT to cetuximab-mediated CDC {#S8}
-----------------------------------------------------------------------------------------

Therapeutic monoclonal antibodies against the epidermal growth factor receptor (EGFR) have been in the clinic for the treatment of multiple solid tumors, including lung adenocarcinomas. In addition to the inhibition of receptor signalling, these anti-EGFR antibodies were been shown to trigger complement-dependent tumor cell lysis including cetuximab ([@R26]). Interestingly, resistance to EGFR-targeted therapies have been associated with acquisition of EMT phenotype ([@R27]). Here we tested whether inhibition of EMT-induced CD59 expression can sensitize lung cancer cells to cetuximab, an anti-EGFR antibody. Cetuximab treatment further enhanced NHS induced CDC and TGF-b treatment inhibited CDC both in the presence and absence of cetuximab ([Fig. 5A & B](#F5){ref-type="fig"}). As anticipated, CD59 siRNA significantly restored TGF-b-induced inhibition of CDC both in the presence and absence of cetuximab ([Fig. 5A & B](#F5){ref-type="fig"}). This suggests that inhibition of CD59 may be an important strategy to overcome resistance to anti-EGFR antibody therapy.

Stable knockdown of CD59 inhibits experimental metastasis of lung cancer cells {#S9}
------------------------------------------------------------------------------

To achieve sustained inhibition of CD59 required for in-vivo experiments, we stably expressed CD59 shRNA in A549 cells by lentiviral-mediated delivery. We achieved approximately 80% knock-down in A549-CD59shRNA cells as evaluated by qPCR and flow cytometry ([Fig. 6A](#F6){ref-type="fig"}). In an earlier study, we demonstrated that TGF-β-induced EMT promotes experimental metastasis of A549 cells in SCID mice when injected through the tail vein ([@R11]). Here, we observed a significant inhibition of EMT-induced experimental metastasis of A549-CD59shRNA cells, as compared to the corresponding vector control cells ([Fig. 5B](#F5){ref-type="fig"}). Interestingly, inhibition of CD59 had no effect on the in-vitro growth of A549-CD59shRNA cells compared to corresponding vector control cells, as assessed by monitoring cellular confluence over time ([Fig. 5C](#F5){ref-type="fig"}). However, in-vivo CD59 knockdown resulted in more than 50% inhibition of the primary tumor growth of subcutaneously implanted A549-CD59shRNA xenografts, compared to corresponding vector control xenografts ([Fig. 5D](#F5){ref-type="fig"}). The effects of CD59 inhibition on primary tumor growth and metastasis establish the significance of CD59 expression in lung tumor progression.

TGF-β-induced CD59 is Smad3 dependent and a direct transcriptional target of Smad3 {#S10}
----------------------------------------------------------------------------------

To date, it's not known what regulates the expression of complement regulatory proteins, including CD59, on tumor cells. We observed a robust induction of CD59 expression by TGF-β at the mRNA and protein levels. Inhibition of TGF-β-receptor kinase completely abrogated CD59 expression, suggesting transcriptional regulation by TGF-β ([Fig. 7A](#F7){ref-type="fig"}). TGF-b is known to signal through canonical Smad-dependent and non-canonical Smad-independent pathways including activation of p38 MAPK pathways. Utilizing previously established stable A549 cells expressing shRNA against Smad2, Smad3 and Smad2/3 ([@R11]), we found that TGF-β-induced CD59 expression is exclusively Smad3 dependent as demonstrated by robust inhibition of CD59 expression, both at protein ([Fig. 7B](#F7){ref-type="fig"}) and mRNA level ([Fig. 7C](#F7){ref-type="fig"}), in cells expressing Smad3-shRNA and Smad2&3-shRNA. Smad2-shRNA had no effect. This strongly implicates a canonical Smad3 dependent pathway in TGF-β-induced transcriptional regulation of CD59. Bioinformatics analysis of CD59 promoter for transcription factor binding sites identified two Smad3 binding sites within −2.0 to +0.5 kb region from transcription start site ([Fig. 7C](#F7){ref-type="fig"}). To determine whether Smad3 directly binds to above identified regions of CD59 promoter we performed chromatin immunoprecipitation (ChIP) analysis, using anti-human Smad3 antibody. ChIP analyses revealed that stimulation with TGF-β increased Smad3 occupancy on both Smad3 sites identified, within 1 h and was sustained up to 24 h ([Fig. 7C](#F7){ref-type="fig"}). These findings further suggest that CD59 is a direct transcriptional target of Smad3.

DISCUSSION {#S11}
==========

Lung cancer is a leading cause of cancer related deaths worldwide. A large proportion of lung cancer patients are known to present with metastatic disease at the time of diagnosis leading to the dismal 5 year survival of less than 15% ([@R28]). EMT is considered an important initiating event in promoting tumor cell dissemination leading to metastasis ([@R29]). In the tumor microenvironment, a number of studies have implicated both innate and adaptive immune cell infiltrates as drivers of EMT through multiple cytokines and growth factors secreted by these cells ([@R1]). However, few studies have investigated the immunomodulatory consequences of EMT. Studies to date have shown evasion of T-cell responses and suppression of dendritic cell functions by cells undergoing EMT, suggesting an important role for EMT in immune editing in the tumor microenvironment ([@R30]). In this study, we demonstrate a new immune evasive consequence of EMT by which tumor cells escape CDC by modulating the complement regulatory protein, CD59.

The deposition and activation of complement component proteins in tumor tissues, coupled with increased expression of inhibitory complement regulatory proteins on tumor cells illustrate the importance of complement pathway in host immune surveillance against cancer ([@R14]--[@R17]). Consistently, increased expression of complement regulatory proteins, CD59 and CD55 has been highly correlated with the histology and patient prognosis in multiple solid tumors ([@R20]--[@R22]). Despite such potential clinical implications, it is not clear what regulates the expression of proteins like CD59 in the tumor microenvironment. In this study we demonstrate that TGF-β, a cytokine rich in the tumor microenvironment, is a potent inducer of CD59. This is consistent with the earlier implication of TGF-β in activated monocytes-induced CD59 expression in normal human keratinocytes. However, anti-TGF-β neutralizing antibodies did not block CD59 expression suggesting involvement of additional factors ([@R31]). In contrast, we show that TGF-β-receptor kinase inhibitor or shRNA against Smad3 completely abrogated TGF-β-induced CD59 expression. Furthermore, we also established that TGF-β-induced CD59 expression is Smad3, but not Smad2, dependent and a direct transcriptional target of Smad3. Together, our data strongly implicates canonical Smad-dependent TGF-β pathway in the regulation of CD59 expression.

Lung cancer cells that develop resistance to EGFR targeted therapies were associated with the acquisition of mesenchymal phenotype through EMT ([@R27]). Interestingly, the inhibition of CD59 sensitized cells undergoing EMT to cetuximab (ant-EGFR) mediated CDC. This is consistent with earlier studies that showed antibody-based neutralization of CD59 increased the efficacy of anti-Her2 antibodies in lung and breast cancer cells ([@R32],[@R33]) and rituximab (anti-CD21) efficacy in lymphomas ([@R34]). More importantly, knockdown of CD59 blocked primary tumor growth as well as EMT-induced metastasis of lung cancer cells in-vivo. However, inhibition of CD59 had no direct effect on the proliferation of tumor cells in-vitro, suggesting immune mediated inhibition of tumor growth and metastasis, potentially through complement, rather than a cell autonomous effect. Given its significant contribution to immune surveillance and antibody therapy, a number of strategies have been employed to neutralize CD59 in cancer therapy. One particularly promising approach has been the development of rILYd4, a novel recombinant protein inhibitor of CD59 ([@R35]). rILYd4 is a potent and specific human CD59 inhibitor. This molecule has been shown to significantly enhance the efficacy of rituximab in lymphomas and anti-CD24 Ab therapy in osteosarcoma ([@R34]) demonstrating that rILYd4 could be a viable platform for developing therapeutic CD59 inhibitors.

In addition to the strong evidence supporting a role for complement in host immune surveillance and improving the efficacy of antibody therapy, there is equally strong data supporting the tumor promoting functions of complement activating components ([@R36]). Recent studies including in lung cancer, showed that tumor cell derived C5a contributes to the immunosuppressive tumor microenvironment by recruiting myeloid derived suppressor cells. Neutralizing C5a inhibited tumor growth in-vivo and reduced immune suppression ([@R24],[@R37]). Interestingly, along with CD59 we also observed increase in the gene expression of C5, precursor of C5a, during EMT ([Fig. 1B](#F1){ref-type="fig"}). One possibility for such a paradoxical effect is that the tumor promoting effects of complement components might be a late stage consequence of immune editing, which initially renders cancer cells resistance to CDC through processes like EMT. In other words, once tumors become resistant to CDC they may begin to accumulate complement components and utilize these molecules for other tumor promoting functions. Therefore, to successfully exploit complement pathway for the control of cancer, it is necessary to identify pathways that modulate complement components and their regulators, and to establish the context under which they operate.

MATERIALS AND METHODS {#S12}
=====================

Cell culture {#S13}
------------

All the human lung cancer cell lines (A549, H358, Calu3, H522, H23, H460 and H1299) were obtained from ATCC and were cultured in RPMI-1640 (plus glutamine) medium supplemented with 10% FBS and penicillin-streptomycin (Complete medium). For EMT experiments, cells were grown in 6-well plate in 30--40% confluency (50,000 cells/well) in complete medium. They were serum starved for 24hrs and then treated with TGF-β (5ng/ml) for 72hrs. Pharmacological inhibitors when used were added to cells 30 minutes prior to addition of TGF-β. shRNA stable clones were selected in presence of complete medium containing 2 μg/ml puromycin and maintained in complete medium additionally supplemented with 1 μg/ml puromycin. Where indicated, change in cellular morphology was monitored over time by real time imaging using IncuCyte (Essen biosciences, Inc., Ann Arbor, MI), a real time imaging system to monitor cell cultures.

siRNA transfection {#S14}
------------------

CD59-specific siRNA included a pool of 4 synthetic duplexes (Dharmacon's SMART pool). A scrambled sequence from the same company was used as control. Cells at 30--40% confluent (50,000 cells/well) were transfected with siRNA using Lipofectamine 2000 and OptiMEM medium. After 6 hours of transfection, cells were allowed to recover overnight from transfection in RPMI-1640 medium with 10% FBS before inducing EMT or further assessments as indicated.

Establishing stable shRNA clones {#S15}
--------------------------------

Lentivirus-based plasmids expressing CD59 shRNA (clone \# V2LHS_226894 target sequence: "ATTCTTTCCCAACAGGATC") were purchased from OpenBiosystems, Lafayette, CO. Lentiviral particles were prepared at vector core facility, University of Michigan (<http://www.umms.med.umich.edu/mcore/pub>). A549 cells were transduced with lentiviral particles; stable transfectants were isolated by puromycin (1 μg/ml) resistance and assessed for CD59 knock-down by both mRNA and protein levels. A549 clones expressing shRNA against Smads were developed and reported earlier ([@R11]). The growth rate of the established clones was assessed by monitoring culture confluence over time using IncuCyte.

Quantitative PCR analysis {#S16}
-------------------------

Total RNA was isolated using an RNA isolation kit following manufacturer's protocol (OmegaBiotek, Norcross, GA). Required PCR primers and probes (Human CD59, E-Cadherin, N-Cadherin and Vimentin) were purchased from IDT Inc, Coralville, IA. qPCR was performed using ABI Prism (Applied Biosystems, Carlsbad, CA) normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression in each sample. Reaction conditions were −30 second at 94° C, 1 minute at 50° C, 45 seconds at 68° C for 40 cycle amplification. Fold changes relative to control were plotted after normalization to GAPDH expression.

Western blot analysis {#S17}
---------------------

Cells were washed with PBS after treatment and lysed in radio immunoprecipitation assay buffer (RIPA) containing NaF, Na3Vo4 and protease inhibitor. Samples containing 20μg of total protein were electrophoresed on SDS-polyacrylamide gels and transferred onto a polyvinyldifluoride membrane by electro blotting. Membranes were probed with primary antibodies (E-cadherin, N-cadherin, P-Smad3 and Total Smad3 \[Cell signalling Technologies, Beverly, MA,\] Vimentin \[Sigma, St. Louis, MO\]) with overnight incubation at 4° C, followed by horseradish peroxidase-conjugated secondary antbodies. Finally, the immunoblots were visualized using enhanced chemiluminescence (ECL) reagents.

In-vivo mouse experiments {#S18}
-------------------------

Stable CMV-luciferase (A549-Luc) or CD59-shRNA (A549-CD59KD-Luc) expressing clones of A549 cells were used in this study. Cells were serum starved for 24 h then stimulated with TGF-β (5 ng/ml) for 72h to induce EMT. Care of animals and experimental procedures were according to University of Michigan, UCUCA (University committee for use and care of animals) approved protocol \# PRO00004116. To assess experimental metastasis, 0.5 ×10^6^ cells in 100 μL of serum free medium were injected into 8 week old, male, CB17/SCID-beige mice (n= 6 in each group) (Harlan laboratories, Indianapolis, USA) through the tail vein. The number of animals is each group is estimated to detect 35% difference between the groups with 80% power and 95% significance. After 3 weeks, mice were anesthetized with isoflurane (2%) and injected with 100 μl of an aqueous solution of luciferin (5 mg/mL, intraperitoneally) 10 min prior to imaging. The animals were placed into the light-tight chamber of the bioluminescence imaging system (Xenogen, Alameda, CA) and the photons emitted from the luciferase-expressing cells were captured by CCD camera and quantitated using the software program Living Image (Xenogen) as an overlay on Igor (Wavemetrics, Seattle, WA). The tumor burden in the lungs were further validated by re- imaging in the Xenogen system after harvesting from the animal, as well as by counting the number of visible colonies in lung.

CD59 expression by flow cytometry {#S19}
---------------------------------

Cells were detached using trypsin-EDTA (Invitrogen) and re-suspended in serum free RPMI. After washing, cells were fixed in final concentration of 2% paraformaldehyde. Subsequently, cells were washed and labelled with FITC or PE anti-human CD59 antibodies (BD Biosciences, San Jose, CA and Molecular probes, Life Technologies, Grand Island, NY) and evaluated for staining with flow cytometry (Attune, Applied Biosystems, Carlsbad, CA) in BL-1 (488 nm) or BL2 (565 nm) channels. Mouse anti-human IgG-FITC and IgG-PE were used as controls for normalization. 1% was normally used as the background fluorescence and fixed as the cut-off for staining positive cells.

Complement Dependent Cytotoxicity (CDC) Assay {#S20}
---------------------------------------------

Pooled normal human serum from healthy volunteers was used as source of complement. Serum was allowed to coagulate at 37° C for 30 mins, spun and supernatant (complement) was snap-frozen at −80° C. Heat Inactivated serum (HI) was obtained by incubation of the serum at 56° C for 30 minutes. Complement-dependent cytotoxicity is associated with DNA fragmentation and cell death ([@R26],[@R38]). DNA fragmentation was evaluated using 7-aminoactinomycin D (7-AAD) staining. Briefly, approximately, 2×10^5^ cells were incubated with 200--400 μl of NHS or HI (diluted 1:5) in triplicates, in the presence or absence of Cetuximab, an anti-EGFR antibody (40--100 μg/ml) for 1 h. After complement treatment, cells were washed in PBS and pelleted in 1ml of cold 70% alcohol for at least 60 mins. Cells were then washed twice with PBS, re-suspended in PBS containing 1mg/ml of 7-AAD for 45 minutes in dark at room temperature. Labelled cells were analysed by flow cytometry in BL-3 channel (Attune, Applied Biosystems, Carlsbad, CA). The percentage of cells in sub-G0 phase were taken as measure of DNA fragmentation and therefore cell death.

Chromatin Immunoprecipitation analysis (ChIP) {#S21}
---------------------------------------------

Analysis of CD59 promoter using Genomatix software ([www.Genomatix.de](www.Genomatix.de)) predicted presence of 2 putative Smad binding sites within −2 kb to + 0.5 kb region from transcription start site. ChIP analysis was done on control and TGF-β treated cells using ChiP kit (USB) following manufacturer's protocol. Briefly, 150 mm dish of control and TGF-β treated cells were cross-linked using 2% PFA. Cross-linked DNA was fragmented, reverse cross-linked and immunoprecipitation was carried out using anti-human Smad3 antibody (Cell Signaling Tech, Danvers, MA). Input genomic DNA and sample without antibody were used as positive and negative controls respectively. 2--4 μl of precipitated DNA was used as template for PCR reactions. Primers flanking 1^st^ and 2^nd^ Smad binding sites were designed to amplify 198 and 156 bases respectively. PCR was carried out using Hotstart Taq PCR mix (Qiagen, Valencia, CA) under the following conditions 95° C--15mins, denaturation at 95° C for 30 seconds, annealing at 58° C for 30 seconds, extension 72° C for 40 seconds with 35 cycles. The amplification product was loaded in 2% gel with ethidium bromide for analysis.

Statistical analysis {#S22}
--------------------

Data are represented as mean ± SD from at least three independent biological replicates. Groups were compared using Student's t-test to evaluate differences. *P* values \< 0.05 were considered significant and indicated in figures using asterisk.
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![List of top 25 biological pathways enriched and heat map of complement pathway genes differentially expressed during TGF-β-induced EMT\
Pathway enrichment analysis was performed by Metacore algorithm (GeneGo.com) and Top 25 pathways we most significant p-values are listed (**A**). Heat map (green: down regulation, red: up regulation) representing time course of 28 differential expressed complement pathway genes during TGF-β-induced EMT. Gene names in green and red are positive and negative regulators of complement pathway respectively (**B**).](nihms685381f1){#F1}

![TGF-β-induced EMT increases CD59 expression and confers resistance to complement dependent cytotoxicity (CDC)\
Indicated cell lines were serum starved for 24 h, and cultured with or without TGF-β (5 ng/ml) for 72 h. Total RNA was isolated to assess CD59 mRNA expression by qPCR. Fold changes relative to untreated control are plotted (**A**). To assess cell surface CD59 expression, cells were trypsinized, and fixed in paraformaldehyde before staining with FITC or PE conjugated anti-CD59 antibodies. CD59 expression was assessed by flow cytometry. FITC or PE conjugated IgG staining was used as controls and values are expressed as percentage of CD59 positive cells compared to IgG control. The cut-off bar for background fluorescence was set at 1%. Gray peak represents untreated samples; black peak indicates TGF-β treatment while shaded gray represents IgG controls. Numbers on top of plots indicate the percentage of CD59 positive cells (**B**). To assess complement dependent cytotoxicity, cells were incubated with normal human serum (NHS) or heat inactivated serum (HI), fixed in 70% alcohol before staining with 7-AAD. DNA fragmentation associated with complement dependent cell lysis was assessed by the percentage of 7-AAD positive cells in sub-G~0~ by flow cytometry (**C**).](nihms685381f2){#F2}

###### CD59 inhibition restores CDC

A549 and H358 cell lines transfected either with control or CD59 siRNA (50 nM) were serum starved for 24 h and stimulated with or without TGF-β (5 ng/ml) for 72 h. Total RNA was isolated, CD59 expression was measured by qPCR to assess knockdown efficiency of siRNA at mRNA level. Fold changes relative to non-targeting control siRNA are plotted (**A & C**). To assess knockdown efficiency at protein level, cell surface CD59 expression was measured. For this, cells were trypsinized, and fixed in paraformaldehyde before staining with FITC or PE conjugated anti-CD59 antibodies. CD59 expression was assessed by flow cytometry. FITC or PE conjugated IgG staining was used as controls and values are expressed as percentage of CD59 positive cells compared to IgG control. Gray peak represents non-target siRNA, black peak indicates CD-59 siRNA while shaded gray represents IgG controls. Numbers on top of plots indicate the percentage of CD59 positive cells (**B & D**). To assess complement dependent cytotoxicity, cells were incubated with normal human serum (NHS) or heat inactivated serum (HI), fixed in 70% alcohol before staining with 7-AAD. DNA fragmentation associated with complement dependent cell lysis was assessed by the percentage of 7-AAD positive cells by flow cytometry (**E & F**).
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###### CD59 inhibition had no effect on TGF-β-induced EMT but resistance to CDC is dependent on EMT

A549 and H358 cell lines transfected either with control or CD59 siRNA (50 nM) were serum starved for 24 h and stimulated with or without TGF-β (5 ng/ml) for 72 h. Change in EMT-induced cellular morphology was monitored by real time imaging using IncuCyte. Representative images at 72 h time point are provided (**A**). Total RNA was isolated to assess mRNA expression of epithelial (E-cadherin) and mesenchymal (N-cadherin and Vimentin) markers by qPCR. Fold changes relative to untreated controls from non-targeted siRNA samples are plotted (**B & C**). A549 cells were plated at low (50% confluence) or high (\<90% confluence) density. TGF-β stimulation induces EMT in low density cultures and minimally in high density cultures. To assess complement dependent cytotoxicity, cells were incubated with normal human serum (NHS) or heat inactivated serum (HI), fixed in 70% alcohol before staining with 7-AAD. DNA fragmentation associated with complement dependent cell lysis was assessed by the percentage of 7-AAD positive cells by flow cytometry (**D**). Degree of EMT was measured by assessing the expression of epithelial (E-cad) and mesenchymal (N-cad and Vimentin) markers. Activation of TGF-β signaling was demonstrated by assessing phospho-and total Smad3 expression by western immunoblotting (**E**).
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![CD59 inhibition sensitizes cancer cells that undergo EMT to cetuximab mediated CDC\
A549 and H358 cell lines transfected either with control or CD59 siRNA (50 nM) were serum starved for 24 h and stimulated with or without TGF-β (5 ng/ml) for 72 h. To assess complement dependent cytotoxicity, cells were incubated with normal human serum (NHS) or heat inactivated serum (HI) in the presence or absence of cetuximab, fixed in 70% alcohol before staining with 7-AAD. Cituximab alone or IgG are used a controls. DNA fragmentation associated with complement dependent cell lysis was assessed by the percentage of 7-AAD positive cells in sub-G~0~ by flow cytometry (**A & B**).](nihms685381f5){#F5}

![Stable knockdown of CD59 inhibits experimental metastasis\
Parental cells with vector control or CD59-shRNA expressing A549 cells were serum starved for 24 h and stimulated with TGF-β (5 ng/ml) for 72 h. Total RNA was isolated, CD59 expression was measured by qPCR to assess knockdown efficiency of shRNA at mRNA level. Fold changes relative to non-targeting control shRNA are plotted (**A**). To assess knockdown efficiency at protein level, cell surface CD59 expression was measured. For this, cells were trypsinized, and fixed in paraformaldehyde before staining with FITC or PE conjugated anti-CD59 antibodies. CD59 expression was assessed by flow cytometry. FITC or PE conjugated IgG staining was used as controls and values are expressed as percentage of CD59 positive cells compared to IgG control. Gray peak represents vector control; black peak indicates CD-59 shRNA while shaded gray represents IgG controls. Numbers on top of plots indicate the percentage of CD59 positive cells (**A**). To assess experimental metastasis, luciferase expressing parental or CD59-shRNA clones of A549 cells were stimulated with TGF-β (5 ng/ml) for 72 h in-vitro and injected through tail vein into CB17/SCID-beige mice (n = 6). After 3 weeks, whole animals were imaged for bioluminescence in the lungs. The tumor burden in the lungs was further validated by ex-vivo bioluminescence imaging of the harvested lungs. Representative images from 4 animals with signal intensity scale are presented (**B**). The growth rate of the established CD59-shRNA clones and parental A549 cells were assessed by monitoring culture confluence over time using IncuCyte (**C**).](nihms685381f6){#F6}

###### TGF-β-induced CD59 is Smad3 dependent and a direct transcriptional target of Smad3

Parental A549 cells were serum starved for 24 h and stimulated with TGF-β (5 ng/ml) for 72 h in the presence or absence of TGF-β-RI inhibitor (SB-431542) (**A**). Stable A549 cells expressing shRNA for Vector control, Smad2, Smad3 and Smad2/3 were serum starved for 24 h and stimulated with or without TGF-β (5 ng/ml) for 72 h (**B**). To assess cell surface CD59 expression, cells were trypsinized, and fixed in paraformaldehyde before staining with FITC or PE conjugated anti-CD59 antibodies. CD59 expression was assessed by flow cytometry. FITC or PE conjugated IgG staining was used as controls and values are expressed as percentage CD59 positive cells compared to IgG control. Gray peak represents samples without TGF-β; black peak indicates TGF-β treatment while shaded gray represents IgG controls. Numbers on top of plots indicate the percentage of CD59 positive cells. To assess CD59 mRNA expression total RNA was isolated, CD59 expression was measured by qPCR. Fold changes relative to samples without TGF-β stimulation are plotted (**C**). Representation of CD59 promoter showing two putative Smad binding sites within −2kb to +0.5 kb of transcription start site (TSS) (**D**). Binding of Smad3 to CD59 promoter was assessed by ChIP using anti-human Smad3 antibody. Input genomic DNA and sample without antibody were used as positive and negative controls respectively. 2--4 μl of precipitated DNA was used as template for PCR reactions. Primers flanking 1^st^ and 2^nd^ Smad binding sites were designed to amplify 198 and 156 bases respectively (**D**).
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